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(57) ABSTRACT

A method for providing tomosynthesis 3-D volume image
data, executed at least in part on a computer, acquires a
number of radiographic projection images of a subject over a
range of angles. Reconstructed volume image data is gener-
ated from the acquired projection images. A number of
regions of interest are defined within the reconstructed vol-
ume image data, wherein each region of interest has a number
of image voxels. Image voxel data values are conditioned
within at least one of the regions of interest to enhance con-
trast within the at least one region of interest. The conditioned
image voxel data values are adjusted within the at least one of
the regions of interest according to interpolation with two or
more neighboring regions of interest. An image slice having
at least a plurality of the adjusted image voxel data values is
displayed.

20 Claims, 22 Drawing Sheets
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1
METHOD FOR ENHANCING
RECONSTRUCTED 3-D TOMOSYNTHESIS
VOLUME IMAGE

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Application Ser. No. 61/616,065 filed Mar. 27,2012 in
the names of Zhiqiang Lao et al., the contents of which are
incorporated fully herein by reference. This application also
claims the benefit of U.S. Provisional Patent Application Ser.
No. 61/791,439 filed Mar. 15, 2013 in the names of Zhigiang
Lao et al., the contents of which are incorporated fully herein
by reference.

FIELD OF THE INVENTION

Embodiments of the present invention relate to contrast
enhancement for 3-D volume imaging and more particularly
relate to methods for local and global contrast enhancement
for volume image slices obtained using linear tomosynthesis.

BACKGROUND

Tomosynthesis obtains volume image data by directing
x-ray radiation through a patient from a range of angles. At
each angle, corresponding 2-dimensional (2-D) projection
image data is acquired. Volume reconstruction techniques
then generate 3-dimensional (3-D) image voxel data using
information from the set of projection image data.

For some types of volume image content, there can be a
very wide range of bone and tissue densities, requiring a
correspondingly wide contrast range. Even though a wide
range is needed, contrast for tomosynthesis image slices can
be disappointing. For chest images, for example, it can be
difficult to distinguish features such as lung tissue textures
without applying some type of image enhancement. Volume
image content, displayed as image slices, often lacks suffi-
cient contrast needed for accurate analysis and may not pro-
vide diagnostically useful information.

Because of the relatively anisotropic resolution that is pro-
vided by tomosynthesis imaging, image enhancement tech-
niques that have been used with other types of radiographic
imaging can fall short of what is needed for contrast improve-
ment. Among problems encountered with conventional
image processing approaches are conflicting requirements for
localized contrast within a small region of interest within an
image slice and global contrast across the image slice. Thus,
it can be appreciated that there is a need for image processing
solutions that improve local contrast without compromising
overall contrast for the complete image slice.

SUMMARY

Embodiments of the present invention address the need for
local contrast enhancement for 3-D tomosynthesis image
data. 3-D volume image enhancement approaches of the
present invention provide improved visualization for local
regions of the image slice as well as improvement of the
overall image contrast for the full image slice. A measure of
operator control of contrast enhancement variables is pro-
vided, allowing interactive parameter adjustment, so that con-
trast can be improved appropriately for improved presenta-
tion of tissue within one or more regions of interest (ROIs).

2

According to an embodiment of the present invention,
there is provided a method for providing tomosynthesis 3-D
volume image data, executed at least in part on a computer,
comprising:

5 a) acquiring a plurality of radiographic projection images
of a subject over a range of angles;

b) generating reconstructed volume image data from the
acquired projection images;

¢) defining a plurality of regions of interest within the
reconstructed volume image data, wherein each region
of interest has a plurality of image voxels;

d) conditioning image voxel data values within at least one
of the regions of interest to enhance contrast within the
at least one region of interest;

e) adjusting the conditioned image voxel data values within
the at least one of the regions of interest according to
interpolation with two or more neighboring regions of
interest; and

) displaying an image slice having at least a plurality ofthe
adjusted image voxel data values.

These objects are given only by way of illustrative
example, and such objects may be exemplary of one or more
embodiments of the invention. Other desirable objectives and
advantages inherently achieved by the may occur or become
apparent to those skilled in the art. The invention is defined by
the appended claims.

20

BRIEF DESCRIPTION OF THE DRAWINGS
30

The foregoing and other objects, features, and advantages
of the invention will be apparent from the following more
particular description of the embodiments of the invention, as
illustrated in the accompanying drawings. The elements of
the drawings are not necessarily to scale relative to each other.

FIG. 1A is a schematic block diagram of a tomosynthesis
imaging apparatus according to an embodiment of the present
invention.

FIG. 1B schematically shows volume image data as
obtained from imaging at a number of angles to provide a
reconstructed volume.

FIG. 2 shows a number of image slices obtained from
exemplary volume image data.

FIG. 3 shows exemplary coronal, axial, and sagittal slices
obtained from tomosynthesis volume image data.

FIG. 4A is alogic flow diagram that shows processing steps
for obtaining a contrast-enhanced 3-D image from a recon-
structed 3-D image obtained using tomosynthesis.

FIG. 4B shows a volume image that has been divided into
a number of ROIs.

FIG. 4C is a schematic diagram that shows multiple image
slices obtained from reconstructed volume image data.

FIG. 4D is a graph showing a histogram for a region of
interest.

FIG. 5A is a graph of a histogram showing parameters that
can be adjusted for histogram equalization.

FIG. 5B is a graph showing a histogram after histogram
equalization. FIG. 6A is a plan view of an image slice prior to
60 enhancement.

FIG. 6B is a plan view of the image slice of FIG. 6A
following local enhancement.

FIG. 7 is a schematic diagram that shows spatial relation-
ships for ROI interpolation.

FIG. 8A shows a histogram ofimage data following cutting
and transformation (equalization) based on the histogram of
the original data.
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FIG. 8B shows a histogram of image data following cut-
ting, redistribution and transformation (equalization) based
on the histogram of the original data.

FIG. 9A shows an original image slice with four ROIs
identified.

FIG. 9B shows an image slice with the same ROIs in FIG.
9A following local contrast enhancement.

FIG. 9C shows an image slice with the same ROIs in FIG.
9A after both local contrast enhancement and interpolation.

FIGS.10A, 10B, 10C, and 10D are LUTs for obtaining the
image of FIG. 9B.

FIGS.11A, 11B, 11C, and 11D are LUTs for obtaining the
image of FIG. 9C.

FIG. 12A shows the results of local contrast enhancement
for an example tomosynthesis chest x-ray image slice.

FIG. 12B shows the corresponding results for the same
image as in FIG. 12A when additional interpolation trans-
forms are applied.

FIG. 13A shows a table of results for 3-D tomosynthesis
image enhancement at different levels.

FIG. 13B is a graph that shows contrast values for different
levels of contrast enhancement according to an embodiment
of the present invention.

FIG. 13C is a graph that shows contrast improvement for
different levels of contrast enhancement according to an
embodiment of the present invention.

FIG. 14A shows an original image slice.

FIGS. 14B, 14C, 14D, and 14E show image slices for
enhanced image content at different levels.

FIG. 15 is a logic flow diagram that shows steps for apply-
ing contrast enhancement to a single ROI.

FIG. 16 is a logic flow diagram that shows operator steps
for entering parameters for contrast enhancement.

DESCRIPTION OF EXEMPLARY
EMBODIMENTS

The following is a detailed description of exemplary
embodiments, reference being made to the drawings in which
the same reference numerals identify the same elements of
structure in each of the several figures.

Where they are used in the context of the present disclo-
sure, the terms “first”, “second”, and so on, do not necessarily
denote any ordinal, sequential, or priority relation, but are
simply used to more clearly distinguish one step, element, or
set of elements from another, unless specified otherwise.

Certain exemplary embodiments described herein include,
but are not limited to image enhancement for 3-D volume
image data obtained using tomosynthesis radiography. Both
local and global contrast enhancement can be provided.

The schematic diagram of FIG. 1A shows components and
behavior of a tomosynthesis imaging apparatus 10 according
to an embodiment of the present invention. In a sequence of
exposures, an x-ray source 12 directs radiation through a
subject 14 from a set of different angles 6. At each exposure,
a detector 20 acquires image data for a projection image 22.
By way of example, FIG. 1A shows five projection images
22a, 22b, 22¢,22d, and 22e, one for each angular position of
x-ray source 12, over an angular range from -20 degrees to
+20 degrees. For convenient reference, projection images
22a,22b,22¢,22d, and 22¢ are collectively termed projection
image 22. It should be observed that any number of projection
images 22 can be obtained for obtaining volume image data,
each at a different angle 6. A computer 30 obtains the projec-
tion image data from detector 20, processes the projection
image data to generate reconstructed 3-D volume image data,
and provides a display 32 for viewing the reconstructed 3-D
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image data. Display 32 also provides an operator interface for
entry of parameters that affect the image data enhancement
provided, according to an embodiment of the present inven-
tion.

The schematic diagram of FIG. 1B shows volume image
data 28 as obtained from imaging at a number of angles. A
representative image slice 34 within the data is shown, along
with image slices 34a and 34b, reconstructed from the pro-
jection images 22. By way of example, FIG. 2 shows a num-
ber of image slices 34 obtained from volume image data.

One particular difficulty in generating volume image data
from a limited range of imaging angles relates to the inher-
ently anisotropic resolution of the imaging process. As shown
in the examples of FIG. 3, a coronal slice 34¢ has generally
good resolution. However, an axial slice 34d and a sagittal
slice 34e show that resolution is poor with respect to orthogo-
nal axes of the 3-D space.

In processing the volume image data according to an
embodiment of the present invention, the image content is
divided into one or more regions of interest (ROI). Individual
ROIs are processed and their results combined in order to
provide the enhanced 3-D image content. The logic flow
diagram of FIG. 4A shows processing steps for obtaining a
contrast-enhanced 3-D image from a reconstructed 3-D
image obtained using tomosynthesis. Volume image data is
initially obtained by generating reconstructed volume image
data from a set of acquired projection images. Volume image
reconstruction techniques are well known, familiar to those
skilled in the tomosynthesis imaging arts, and include various
types of back-projection algorithms, for example.

Following FIG. 4A, in an ROI division step S100, the
volume image is divided into a number of ROIs. The block
diagram of FIG. 4B shows a volume image 40 that has been
divided into a number n of ROIs 42, considered to be inde-
pendent from each other for initial processing. The number n
is an integer, 1 or larger. A processing step S110 is then
executed on each ROI. Sub-processes in processing step S110
include a histogram computation step S112, a local contrast
enhancement step S114, an interpolation step S116, and a
look-up table (LUT) generation step S118. Each ROI can
further have additional values, such as a uniformity index that
indicates the relative texture or other characteristics of the
volume content in that region, for example. The uniformity
index or other characteristic value for image content can be
used to determine how ROI 42 is processed for improved
contrast. After each ROI is processed, an LUT application
step S120 applies the generated LUTs to the full 3-D image.
The LUTs are modified based on their spatial correlation to
provide this global contrast adjustment. The operator may
also be able to select a desired level of detail for global
contrast adjustment; this selection controls at least some per-
centage of the contrast increase that is provided. The resulting
enhanced 3-D image can then be displayed, typically in the
form of image slices 34, as described previously with refer-
ence to FIGS. 1B and 2 and as represented schematically for
volume 40 in FIG. 4C.

ROIs 42 are shown as cubic in shape in FIG. 4B and of the
same size, evenly distributed in rows and columns. However,
it should be noted that ROIs can have any suitable shape,
including cubic square, cubic rectangle, sphere, ellipsoid, or
cylinder, for example. ROIs 42 can be overlapping or non-
overlapping and need not be arranged in symmetric rows and
columns. Some “padding” or addition of ROIs may be used to
increase the number of ROIs for more straightforward com-
putation. According to an embodiment of the present inven-
tion, the size of ROI 42, that is, its width/height/depth dimen-
sions in terms of voxels, is operator-specified. ROI
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dimensions and shape can also vary according to the type of
tissue that is contained within a region.

The graph of FIG. 4D shows an example of a histogram 50
for an ROL. In the data value distribution that is shown, image
data for voxels within the ROI are clustered within a small
range of values, between about 2200 and 2500. With such
tight clustering of values, image contrast is generally poor.
Conditioning the data by broadening the range of image data
values, using methods such as constrained or contrast-limited
histogram equalization (HE), tends to improve image con-
trast. For the particular example of FIG. 4D, the following
values have been calculated: for a rough variation estimation,
standard deviation o is approximately 53.59; contrast, com-
puted as the quotient o/u where n represents the mean, is
approximately 0.226.

The graphs of FIG. 5A and FIG. 5B show how histogram
50 values can be redistributed, thereby conditioning the
image data for improved contrast within each ROI. In effect,
the number of values in a redistributed portion 52, exceeding
aselected cutting point 56, are redistributed to obtaina second
histogram 54 that extends over a broader range of values. The
selection of an appropriate cutting point 56 determines how
many voxels have the predominant values and how much
spread is provided to the original histogram. This provides a
re-mapping of at least a portion of the obtained volume data
values to an expanded range of data values. The re-mapping
can be either a linear or a non-linear re-mapping, including a
non-linear monotonic re-mapping.

When the histogram-based adjustment described with ref-
erence to FIGS. 5A and 5B executes, however, only local
contrast conditioning within each ROI 42 is achieved. For the
complete image slice, this localized conditioning can cause
unwanted “tiling” effects such as those shown for an original
image 60 slice in FIG. 6 A by the corresponding ROI arrange-
ment in an adjusted image slice 62 of FIG. 6B. ROI 42
boundaries are clearly visible, so that some additional adjust-
ment to the local contrast improvement is needed.

According to certain exemplary embodiments, an interpo-
lation transformation is needed to overcome the problem
shown for image slice 62 in FI1G. 6B. Unlike interpolation for
2-D images, the interpolation needed for image voxels with
reconstructed tomosynthesis image content encounters the
problem of anisotropic resolution for coronal, axial, and sag-
ittal planes described previously with respect to FIG. 3. The
schematic view of FIG. 7 shows interpolation transforma-
tions for a given ROI 64 with an arrangement of neighboring
ROIs 66. Eight neighboring ROIs 66 are shown in FIG. 7,
with exaggerated spacing for better visibility, and described
with respect to eight transformations T1, T2, . . . T8 for eight
corresponding ROIs 66, listed as ROI, -ROI; in FIG. 7. How-
ever, it must be emphasized that any number m of transfor-
mations T1, T2, . . . Tm for m corresponding neighboring
ROIs 66 can be performed for successful interpolation that
provides contrast improvement. Using the cubic ROI of FIG.
4B, for example, each ROI actually has 26 “contingent” or
“touching” neighbors—9 in the plane ahead, 9 in the plane
behind, 8 in the same plane. In addition, the spatial arrange-
ment of neighboring ROIs can also be varied for interpola-
tion. The interpolation transform for each neighboring ROI
66 takes into account both the data value of the neighboring
ROI 66 and its relative distance from the given ROI 64,
including its relative direction. The anisotropy of resolution is
also a factor in interpolation, with corresponding weighting
applied according to the direction of each neighboring ROI. A
number of interpolation transforms can be applied, including
both linear and non-linear transforms. Various interpolation
transforms and algorithms are known in the art, including
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histogram stretching, histogram projection that assigns equal
display space to each data point, normalization and matching
algorithms that apply different transforms depending on dif-
ferent value distributions. Transforms can be applied in any
number of forms, such as using LUTs or matrices, for
example. Randomization of values in neighboring ROIs can
alternately be performed. The transformation that is applied
can be varied according to the type of examination.

Because of the anisotropic relationship of voxel values,
transforms T1, T2, . . . Tm are selectively weighted with
relation to ROI distances and corresponding directions along
respective orthogonal axes X, y, and z. Neighboring ROIs 66
can include both ROIs lying within any of the same coronal
(x-y), axial (x-z), or sagittal (y-z) planes of ROI 64 and ROIs
lying outside these planes.

FIG. 8A shows a histogram 58 of image data following
cutting and transformation (equalization) based on the histo-
gram of the original data. FIG. 8B shows a histogram 68 of
image data following cutting, redistribution and transforma-
tion (equalization) based on the histogram of the original
data. Interpolation transforms T1, T2, . . . Tm, step S116 in
FIG. 4A, can alternately be performed prior to the local con-
trast enhancement of step S114. FIG. 5C shows an interpola-
tion transform performed on ROI 64, altering the histogram
originally shown in FIG. 4D. FIG. 5D shows application of
cutting point 56 for histogram equalization following the
interpolation transform.

By way of example, FIG. 9A shows an original image slice
34 with four ROIs 42 identified. FIG. 9B shows an image slice
34" with the same ROIs 42 following local contrast enhance-
ment. FIG. 9C shows an image slice 34" with the same ROIs
42 after both local contrast enhancement and interpolation.

Look-up tables (LUTs) are generated in LUT generation
step S118 (FIG. 4A) and are used in processing, applied to the
image content in step S120. FIGS. 10A, 10B, 10C, and 10D
show LUTs 70a, 705, 70¢, and 70d for the local contrast
enhanced ROIs of FIG. 9B. FIGS. 11A, 11B, 11C, and 11D
show adjusted LUTs 80a, 805, 80c, and 804 for the corre-
sponding ROIs 42 of FIG. 9C. These LUTs may not be stored,
but can be dynamically generated for each ROI based on
interpolation. The final voxel mapping is a function of the
pixel value and its relative spatial location, as well as neigh-
boring voxel values. Interpolation with values in neighboring
ROIs is weighted according to distance.

FIG. 12A shows the results of local contrast enhancement
for an example tomosynthesis chest x-ray image slice 62, as
shown earlier in FIG. 6B. FIG. 12B shows the corresponding
results for the same image, as image slice 64, when additional
interpolation transforms are applied.

FIG. 13 A shows a table of results for 3-D tomosynthesis
image enhancement at different levels, shown as Levels I, II,
111, and IV. The different levels correspond to different cutting
point 56 settings for the local contrast enhancement step S114
in FIG. 4A. Standard deviation (std) and mean values are
shown at each level. For comparison, improvements in con-
trast are shown for each level. Graphs of FIGS. 13B and 13C
show contrast values 82 and contrast improvement 84,
respectively, for different levels of enhancement.

FIG. 14A shows an original image slice 34. FIGS. 14B,
14C, 14D, and 14E show image slices 34" for enhanced image
content at different levels.

Embodiments of the present invention can be applied for a
single ROI of a larger image using steps shown in the logic
flow diagram of FIG. 15. The ROI is defined in an ROI
selection step S200. A histogram for the ROI is computed in
a histogram computation step S210. Local contrast is
enhanced using histogram equalization or other method in a
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local contrast enhancement step S220. An LUT is generated
in an LUT generation step S230. The LUT is applied and
results displayed in an LUT application step S240.

Embodiments of the present invention provide an operator,
such as a technician or practitioner, with a number of utilities
for determining how image enhancement is executed, such as
for setting the enhancement level. The logic flow diagram of
FIG. 15 shows a sequence of operator steps that can be per-
formed using the operator interface to computer 30 at display
32 (FIG. 1A). Operator instructions can be entered using any
of' a number of standard operator interface tools, including
slide bars, dials, numeric entry, check boxes, menu pull-
downs, and other techniques for providing parameter values.
An ROI definition step S300 enables the operator to define the
number of ROIs for a reconstructed tomosynthesis image and
to specify their relative shape and other features, including
whether or not a measure of overlap is provided between
ROIs. In an ROI selection step S310, the operator specifies
one or more ROIs 42 that are to be adjusted. This may be an
ROl that is characteristic of particular tissue of interest or may
be the ROIs within a particular portion of the imaged volume,
such as all of the lung tissue for a chest tomosynthesis image,
for example. In a cutting point specification step S320, the
operator specifies the cutting point 56 for the histogram ofthe
selected ROI or ROIs; this is considered to be a level adjust-
ment as the term is used herein. As shown in FIG. 15, addi-
tional ROIs can be selected and adjusted separately as needed.
An interpolation parameters setup step S330 defines a num-
ber of interpolation parameters, such as type of interpolation
algorithm used, arrangement of neighboring ROIs 66 (FIG. 7)
that are used for interpolation, positions of neighboring ROIs
used and weighting assignments, level of enhancement
desired, and other variables. The operator can enter instruc-
tions relating to interpolation parameters for each ROI or for
types of ROIL. Following processing based on operator entries,
results are then displayed in a results viewing step S340.
According to an embodiment of the present invention, an
operator has access to utilities for varying both local ROI
enhancement and interpolation transformation parameters
while viewing one or more image slices from the volume
image data. Near real-time image processing, available using
graphical processing unit (GPU) accelerators, allows the
operator to quickly view results and adjust contrast param-
eters for both local and global enhancement.

As noted previously, ROIs can be non-overlapping or over-
lapping. In the case of overlapping ROIs, additional process-
ing is provided to compensate for differences in computed
values for voxels that belong to more than one ROI.

It should be noted that histogram equalization is one
method for contrast enhancement that can be used within an
ROIL. Other methods include various types of gradient analy-
sis and adjustment, for example. A clipping value can alter-
nately be applied for control of contrast enhancement.

From another aspect, the present invention provides a
method for processing a tomosynthesis reconstruction 3-D
volume, executed at least in part on a computer. First volume
data is received for the reconstructed 3-D tomosynthesis vol-
ume, wherein the volume data values extend within a first
range. This first volume data may be processed data, pre-
processed data, or raw data. The method generates condi-
tioned volume data by re-mapping at least a portion of the first
volume data values to a second range that is expanded over the
first range of the first volume data. This can be the same type
of remapping shown for a histogram in the example of FIGS.
5A and 5B. The remapping may be linear or non-linear and
may include non-linear monotonic re-mapping, for example.
The method then applies contrast limited adaptive histogram
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equalization to the conditioned volume data to generate a
second volume that exhibits increased contrast. The second
volume can then be displayed, stored, or transmitted to
another computer or system.

Generating the second volume can be performed by defin-
ing a number of 3-D regions within the second volume and
generating a uniformity index for each of the 3-D regions,
where the value of the uniformity index relates to the relative
texture of the volume content in the region or other suitable
uniformity measure. Contrast limited adaptive histogram
equalization can then be applied to each 3-D region according
to its corresponding generated uniformity index.

Embodiments of the present invention can be used for
improving contrast for images of a range of subjects, includ-
ing the chest, limbs, extremities including weight-bearing
extremities, or a portion of a dental arch.

Consistent with an embodiment of the present invention, a
computer program utilizes stored instructions that perform on
image data that is accessed from an electronic memory. As
can be appreciated by those skilled in the image processing
arts, a computer program of an embodiment of the present
invention can be utilized by a suitable, general-purpose com-
puter system, such as a personal computer or workstation.
However, many other types of computer systems can be used
to execute the computer program of the present invention,
including an arrangement of networked processors, for
example. The computer program for performing the method
of'the present invention may be stored in a computer readable
storage medium. This medium may comprise, for example;
magnetic storage media such as a magnetic disk such as a hard
drive or removable device or magnetic tape; optical storage
media such as an optical disc, optical tape, or machine read-
able optical encoding; solid state electronic storage devices
such as random access memory (RAM), or read only memory
(ROM); or any other physical device or medium employed to
store a computer program. The computer program for per-
forming the method of the present invention may also be
stored on computer readable storage medium that is con-
nected to the image processor by way of the internet or other
network or communication medium. Those skilled in the art
will further readily recognize that the equivalent of such a
computer program product may also be constructed in hard-
ware.

It should be noted that the term “memory”, equivalent to
“computer-accessible memory” in the context of the present
disclosure, can refer to any type of temporary or more endur-
ing data storage workspace used for storing and operating
upon image data and accessible to a computer system, includ-
ing a database, for example. The memory could be non-
volatile, using, for example, a long-term storage medium
such as magnetic or optical storage. Alternately, the memory
could be of a more volatile nature, using an electronic circuit,
such as random-access memory (RAM) that is used as a
temporary buffer or workspace by a microprocessor or other
control logic processor device. Display data, for example, is
typically stored in a temporary storage buffer that is directly
associated with a display device and is periodically refreshed
as needed in order to provide displayed data. This temporary
storage buffer is also considered to be a type of memory, as the
term is used in the present disclosure. Memory is also used as
the data workspace for executing and storing intermediate
and final results of calculations and other processing. Com-
puter-accessible memory can be volatile, non-volatile, or a
hybrid combination of volatile and non-volatile types.

It will be understood that the computer program product of
the present invention may make use of various image manipu-
lation algorithms and processes that are well known. It will be
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further understood that the computer program product
embodiment of the present invention may embody algorithms
and processes not specifically shown or described herein that
are useful for implementation. Such algorithms and processes
may include conventional utilities that are within the ordinary
skill of the image processing arts. Additional aspects of such
algorithms and systems, and hardware and/or software for
producing and otherwise processing the images or co-oper-
ating with the computer program product of the present
invention, are not specifically shown or described herein and
may be selected from such algorithms, systems, hardware,
components and elements known in the art.

The invention has been described in detail with particular
reference to a presently preferred embodiment, but it will be
understood that variations and modifications can be effected
within the spirit and scope of the invention. The presently
disclosed embodiments are therefore considered in all
respects to be illustrative and not restrictive. The scope of the
invention is indicated by the appended claims, and all changes
that come within the meaning and range of equivalents
thereof are intended to be embraced therein.

What is claimed is:

1. A method for providing tomosynthesis 3-D volume
image data, executed at least in part on a computer, compris-
ing:

a) acquiring a plurality of radiographic projection images

of a subject over a range of angles;

b) generating reconstructed volume image data from the
acquired projection images;

¢) defining a plurality of regions of interest within the
reconstructed volume image data, wherein each region
of interest has a plurality of image voxels;

d) conditioning image voxel data values within at least one
of the regions of interest to enhance contrast within the
at least one region of interest;

e) adjusting the conditioned image voxel data values within
the at least one of the regions of interest according to
interpolation with two or more neighboring regions of
interest; and

f) displaying an image slice having at least a plurality of the
adjusted image voxel data values.

2. The method of claim 1 wherein the plurality of defined

regions of interest are non-overlapping.

3. The method of claim 1 wherein at least two of the defined
regions of interest are overlapping.

4. The method of claim 1 wherein conditioning the image
voxel data values comprises applying a constrained histo-
gram equalization.

5. The method of claim 1 wherein defining the plurality of
regions comprises accepting an operator instruction relating
to the number or shape of the regions.

6. The method of claim 1 wherein defining the plurality of
regions comprises defining a three-dimensional shape.

7. The method of claim 1 wherein adjusting the condi-
tioned image voxel data values comprises accepting an opera-
tor instruction relating to a number of neighboring regions of
interest used for the interpolation.

8. The method of claim 1 wherein conditioning image
voxel data values comprises re-mapping at least a portion of
the obtained volume data values to an expanded range of data
values, and wherein the re-mapping is either a linear or a
non-linear re-mapping, including a non-linear monotonic re-
mapping.

9. The method of claim 1 wherein adjusting the condi-
tioned image voxel data values comprises applying a random-
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ization to the data from neighboring regions of interest, and
wherein conditioning image voxel data values comprises
applying a clipping value.
10. The method of claim 1 wherein the interpolation is
conditioned by both distance and direction of the two or more
neighboring regions of interest.
11. A method for processing a tomosynthesis reconstruc-
tion 3-D volume of a subject, executed at least in part on a
computer, comprising:
receiving first volume data for the reconstructed 3-D tomo-
synthesis volume, wherein the first volume data includes
a number of values that extend within a first range;

selecting a cutting point for the number of values within the
first range to define a portion of the first volume of data
to be re-mapped, thereby decreasing the number of val-
ues within the first range;

generating conditioned volume data by re-mapping the

portion of the first volume data values beyond the cutting
point to a second range that is expanded over the first
range of the first volume data;

generating a second volume including increased contrast

by applying contrast limited adaptive histogram equal-
ization to the conditioned volume data; and

displaying, storing, or transmitting the second volume in

the reconstructed 3-D tomosynthesis volume.

12. The method of claim 11 wherein re-mapping comprises
processing using histogram equalization, and wherein the
first volume data is either pre-processed or unprocessed raw
data.

13. The method of claim 11 further comprising

obtaining image data for a plurality of 2-D projection

images over a range of scan angles; and

processing the plurality of 2-D projection images to recon-

struct the 3-D volume image of the subject.

14. The method of claim 11 wherein the subject is a limb,
an extremity, a weight-bearing extremity, or a portion of a
dental arch.

15. The method of claim 11 wherein generating condi-
tioned volume data applies a transformation according to an
examination type.

16. A method for processing a tomosynthesis reconstruc-
tion 3-D volume of a subject, executed at least in part on a
computer, comprising:

receiving first volume data for the reconstructed 3-D tomo-

synthesis volume, wherein the volume data values
extend within a first range;

generating conditioned volume data by re-mapping at least

aportion ofthe first volume data values to a second range
that is expanded over the first range of the first volume
data;

generating a second volume including increased contrast

by applying contrast limited adaptive histogram equal-
ization to the conditioned volume data;

displaying, storing, or transmitting the second volume in

the reconstructed 3-D tomosynthesis volume;

defining a plurality of 3-D regions within the second vol-

ume;

generating a uniformity index for each of the 3-D regions in

the defined plurality of 3-D regions, where the value of
the uniformity index relates to the relative texture of the
volume content in the region; and

applying contrast limited adaptive histogram equalization

to each 3-D region according to its corresponding gen-
erated uniformity index.

17. A method for digital radiographic 3-D volume image
processing of a subject, executed at least in part on a computer
and comprising:
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receiving 3-D volume image data of the subject;

dividing the 3-D volume image data into a first plurality of

independent 3-D regions of interest;

increasing contrast within one or more of the first plurality

of'3-D regions of interest; and

increasing a global contrast of the 3-D volume image by

maintaining the intensity consistency among the
increased contrast first plurality of 3-D regions of inter-
est based on a spatial correlation among the first plural-
ity of' 3-D regions of interest.

18. The method of claim 17 wherein the contrast is
increased in the first plurality of 3-D regions of interest using
an adaptively computed intensity mapping function, wherein
the adaptively computed intensity mapping function is gen-
erated using constrained local histogram stretching.

19. The method of claim 17 wherein a first increase in
contrast within the first plurality of 3-D regions of interest or
a second plurality of 3-D regions of interest and a second
increase in global contrast of the 3-D volume image are
independently controlled and are different.

20. The method of claim 17 wherein a global contrast of the
3-D volume image is increased in selectable levels of detail,
wherein the selectable level controls at least a percentage of
contrast increase.
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